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We calculate cross sections and cross section ratios of a charm quark production in associa-
tion with a W gauge boson at next-to-leading order QCD using MadGraph and CT10NNLO,
CT14NNLO and MSTW2008NNLO PDFs, and compare with the measurements from the
CMS detector at the LHC at a center-of-mass energy of 7TeV. We also calculate absolute and
normalized differential cross sections as well as differential cross section ratios as a function
of the lepton pseudorapidity from the W boson decay. Correlation between the CT14NNLO
PDFs and predictions for W+charm data are studied as well. Furthermore by employing Er-
ror PDF Updating Method proposed by CTEQ-TEA group, we update CT14NNLO PDFs,
and analyze the impact of CMS 7TeVW+charm production data to the original CT14NNLO
PDFs. By comparison of the g(x,Q), s(x,Q), u(x,Q), d(x,Q), u¯(x,Q), and d¯(x,Q) PDFs
at Q = 1.3 GeV and Q = 100 GeV for the CT14NNLO and CT14NNLO+Wc, we see that
the error band of the s(x,Q) PDF is reduced at region x < 0.4, and error band of g(x,Q)
PDF is also slightly reduced at region 0.01 < x < 0.1.
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1I Introduction
In the standard model (SM), the associated W+ charm production in hadron collisions is
described at leading order (LO) in perturbative quantum chromodynamics (QCD) by the g+ q →
W− + c, (q = d, s, b) and g+ q¯ → W+ + c¯, (q¯ = d¯, s¯, b¯). Although d-quark parton distribution
function (PDF) is large in the proton, the processes g + d → W− + c and g + d¯ → W+ + c¯
contribute only about 10% [1] to the total W + c production rate, because it is suppressed by
the small quark-mixing Cabibbo-Kobayashi-Maskawa (CKM) matrix element[2] |Vcd| and |Vc¯d¯|.
The major contribution to the total W + c production rate is due to strange quark-gluon fusion
g+ s→W−+ c, and g+ s¯→ W++ c¯. The contribution from g+ b→W−+ c and g+ b¯→W++ c¯
is also heavily suppressed by the quark mixing matrix elements (|Vcb|, |Vc¯b¯|) and the b-quark PDF.
The W + c production cross section is therefore particularly sensitive to the proton g(x,Q) and
s(x,Q) PDFs [3] and to the magnitude of the CKM matrix element Vcs, where x is the momentum
fraction of the proton carried by the s-quark and Q is the hard scale. Ref.[4] calculated the W + c
production at LO and next-to-leading order (NLO) in QCD, and found that the factorization
and renormalization scale uncertainty in the NLO calculation is about 20%. Ref.[5] explored the
strangeness degrees of freedom in the parton structure of the nucleon within the global analysis
framework, and showed that the precise determination of the s-quark PDF affects the W + c
cross section. The s-quark PDF has been determined by neutrino-nucleon deep inelastic scattering
experiments at momentum transfer squared Q2 = 10 GeV, and momentum fraction x ∼ 0.1 [7, 8].
The Tevatron CDF[9] and D0[10] experiments have measured the cross section for charm quark
produced in association with W bosons, using muon tagging of the charm-quark jet. The CMS
experiment measured [11] total cross sections (σ(W− + c), σ(W+ + c¯)) absolute and normalized
differential cross sections as a function of the absolute value of the pseudorapidity of the lepton
from the W boson decay, and cross section ratio R±c = σ(W
+ + c¯)/σ(W− + c) at a center of mass
energy 7TeV for the fiducial region defined,
pjT > 25 GeV, |ηj | < 2.5, |ηl| < 2.1,
plT > 25 GeV, for W → µνµ, (1)
plT > 35 GeV, for W → µνµ and W → eνe.
The ATLAS collaboration [12] measured total cross section, differential cross section as a function
of the pseudorapidity of the lepton from the W -boson decay, and the cross-section ratio of the
production of a W boson in association with a single charm quark at
√
s = 7 TeV.
2In Section II, we briefly review tree level amplitudes for W+charm production. In Section III,
we present our results for various latest PDF sets and comparing these with the CMS measurements
of the total cross section, absolute and normalized differential cross sections and the ratios, as well
correlation between the CT14NNLO PDFs and predictions for W+charm data. In Section IV, we
discuss the impact of the CMS W+charm production 7TeV data to the CT14NNLO PDFs. In
Section V, we draw our conclusions.
II Theoretical background
At LO, the Feynman diagrams for the hard scattering processes of the W + c production
pp → W + c + X are shown in Fig.1. The main contribution for the cross sections of W + c
production comes from strange quark gluon scattering, the down-quark contribution is strongly
Cabibbo suppressed, and contribution from bottom quark gluon scattering is negligible.
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FIG. 1: Possible tree-level diagrams at partonic level for W + charm production
The interaction lagrangian for the hard scattering processes is
LW,gint = − gw√2{ψ¯uIγµVIJPLψdJW+µ + ψ¯νlγµPLψlW+µ + h.c.} − gsψ¯fAaµT aijγµψf , (2)
where gw and gs are the weak and strong coupling constants; VIJ is the CKM matrix element,
I, J = 1, 2, 3 represent fermion generation; {γµ, γν} = 2gµν , gµν = diag{1,−1,−1,−1}, PL = 1−γ
5
2
,
T a = 1
2
λa, a = 1, 2, · · · , 8, λa is the Gell-mann matrix. The tree-level amplitudes can be written
as
M(qg →W−c) = −gcqL ε∗µ(p3, λ3)ǫaν(p2, λ2)u¯(p4, λ4){
γµ(6p1 + 6p2)γν
(p1 + p2)2
− γ
ν(6p4 − 6p2 +mc)γµ
(p4 − p2)2 −m2c
} ×
PLu(p1, λ1)T
a
ij , (3)
M(q¯g →W+c¯) = −gq¯c¯L εµ(p3, λ3)ǫa∗ν (p2, λ2)v¯(p4, λ4){
γµ(6p1 + 6p2)γν
(p1 + p2)2
− γ
ν(6p4 − 6p2 +mc)γµ
(p4 − p2)2 −m2c
} ×
PLv(p1, λ1)T
a
ij , (4)
where q includes d and s quarks, and gcdL =
gsgw√
2
V ∗cd, g
cs
L =
gsgw√
2
V ∗cs, g
d¯c¯
L =
gsgw√
2
Vcd, g
s¯c¯
L =
gsgw√
2
Vcs,
mc is charm quark mass, εµ(pi, λi) is the polarization vector; u(pi, λi) and v(pi, λi) are the Dirac
3spinors. LO differential cross sections σˆ(qg →W−c)/dt and σˆ(q¯g →W+c¯)/dt can be expressed as,
dσˆ(qg →W−c)
dt
=
GFαs|Vqc|2
12
√
2s3 (m2c − t)2
{
m8c +m
6
c(4m
2
w − 2s− 5t) +m4c [−6m4w +m2w(4s− 2t)
+ s2 + 6st+ 5t2] +m2c [4m
6
w + 2m
4
w(t− 8s) + 2m2ws(s+ t)− t(s− t)2]
−2m2wt[2m4w − 2m2w(s+ t) + s2 + t2]
}
, (5)
dσˆ(q¯g →W+c¯)
dt
=
GFαs|Vqc|2
12
√
2s3 (m2c − t)2
{
m8c −m6c2s+ t) +m4c [−2m4w − 2m2wt+ (s+ t)2]
+m2c [4m
6
w − 2m4wt+ 2m2w(s2 − st+ 2t2)− t(s+ t)2]
−2m2wt[2m4w − 2m2w(s+ t) + s2 + t2]
}
, (6)
where s = (p1+p2)
2, t = (p1−p3)2, u = (p1−p4)2 are the Mandelstam variables, s+t+u = m2w+m2c .
III Results
In this section, we present a detailed numerical study of the pp→W+c+X process at the LHC
at a center-of-mass energy of 7TeV at NLO order QCD using the Monte-Carlo numerical calculation
program MadGraph[13] with CT10NNLO[15], CT14NNLO[16] and MSTW2008NNLO[17] PDFs.
PDF uncertainties on the theoretical predictions are given at 68% confidence level (C.L.). We
calculate the total cross section, differential (absolute and normalized) cross sections, and cross
section ratio Rc = σ(W
++ c¯)/σ(W−+ c) with the W → lν decay (where l = µ or e). In our study,
we use the same kinematical cuts as the CMS detector at the LHC at a center-of-mass energy of
7TeV [11], that are given in section I. Both the factorization and the renormalization scales are set
to the value of the W-boson mass µR = µF = mw; and mc = 1.55 GeV.
A Total cross section
The total cross sections σ(W++c¯) and σ(W−+c) of the production of a W boson in association
with a charm quark in pp collisions at
√
s = 7 TeV at NLO QCD are summarized in Table I.
PDF uncertainties are at 68% confidence level (C.L.), that are obtained from the error sets of
the CT10NNLO, CT14NNLO and MSTW2008NNLO. The experimental measurements from CMS
collaboration at the LHC at a center-of-mass energy of 7TeV [11] are also included in this table.
The Comparison between theory predictions based on various PDF sets and the experimental
measurements are illustrated in Fig 2. The predictions obtained with the CT10NNLO PDFs are in
agreement with the CMS measurements. The predictions obtained with CT14NNLO agree with the
CMS measurements within the uncertainty range. The prediction obtained with MSTW2008NNLO
is less favoured. Those differences in the size of the PDF uncertainties depend on the different
methodology and the parametrization of the strange-quark PDF used by the different PDF sets.
4TABLE I: The total cross section of σ(pp→W + c)×B(W → lν)
σ(pp→W + c)×B(W → lν)[pb]
PDF sets pl
T
> 25GeV pl
T
> 35GeV
CT10NNLO 108.1 +6.6%
−5.5%
86.4 +6.7%
−5.5%
CT14NNLO 100.4 +7.1%
−10.0%
80.1 +7.2%
−10.1%
MSTW2008NNLO 98.5 +2.1%
−2.6%
78.7 +2.1%
−2.6%
CMS 107.7 ± 3.1% (stat.) ± 6.4% (syst.) 84.1 ± 2.4% (stat.) ± 5.8% (syst.)
(w + c) [pb]σ
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| < 2.5jetη > 25 GeV, |TjetP
| < 2.1lη > 25 GeV, |TlP
 = 7 TeVsCMS 
Total uncertainty
Statistical uncertainty
MadGraph prediction at NLO
CT10NNLO
CT14NNLO
MSTW2008NNLO
(w + c) [pb]σ
20 40 60 80 100 120
| < 2.5jetη > 25 GeV, |TjetP
| < 2.1lη > 35 GeV, |TlP
 = 7 TeVsCMS 
Total uncertainty
Statistical uncertainty
MadGraph prediction at NLO
CT10NNLO
CT14NNLO
MSTW2008NNLO
FIG. 2: Comparison of the theoretical predictions for total cross section σ(W + c) computed
with MadGraph using the CT10NNLO, CT14NNLO and MSTW2008NNLO PDFs with the CMS
measurements. The left figure is the prediction for the lepton from the W-boson decay with
plT > 25GeV, while the right figure is for p
l
T > 35GeV. The solid vertical line shows the central
value of the measurement, the inner error band corresponds to the statistical uncertainty and the
outer error band to the sum in quadrature of the statistical and systematic uncertainties.
Our MadGraph calculations of the d, d¯, s and s¯ quarks contributions (in pb) to the LO W + c
total cross sections with NNLO PDFs for the leptonic decay channel W → eν are shown in Table
II. As we see that strange quark gives largest contribution to this W+charm production. Note that
the numbers in bracket corresponds to the plT > 35 GeV.
5TABLE II: The LO contributions of d, d¯, s and s¯ quarks to σ(pp → W + c) × B(W → lν)
within the kinematic region pjetT > 25 GeV, |ηjet| < 2.5, lepton pseudorapidity range |ηl| < 2.1 and
plT > 25(35) GeV.
Subprocess CT10NNLO CT14NNLO MSTW2008NNLO
s¯+ g → W+ + c¯ 35.82(28.72) 32.85(26.28) 31.59(25.49)
d¯+ g →W+ + c¯ 2.33(1.89) 2.37(1.92) 2.43(1.96)
s+ g →W− + c 35.85(28.78) 32.89(26.32) 32.49(26.15)
d+ g →W− + c 4.50(3.73) 4.58(3.78) 4.66(3.86)
B Absolute and normalized differential cross section
The absolute and normalized differential cross sections are obtained by MadGraph using the
same setup as CMS collaboration at the LHC at a center-of-mass energy of 7TeV. In Fig. 3 and
Fig. 4, we compare the absolute and normalized differential cross sections in bins of lepton pseudo-
rapidity with CMS measurements. The absolute and normalized differential cross sections with
PDF uncertainty at 68% C.L. are summarized in Table III and IV, the CMS 7TeV measurement
with statistical and systematic uncertainty is given at last three column. There are good agreements
between the theoretical predictions and the measured distributions. We note that the comparisons
among the predictions from various PDFs may lead to different conclusions. For instance, the
predictions based on CT14NNLO and MSTW2008NNLO PDFs are smaller then the predictions
based on CT10NNLO PDFs, and PDF uncertainties of CT14NNLO PDFs are much larger then
the PDF uncertainties of CT10NNLO and MSTW2008NNLO.
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FIG. 3: Comparison of the theoretical predictions for differential cross sections, dσ(W + c)/d|η|,
as a function of the absolute value of the pseudorapidity of the lepton from the W-boson decay,
with the CMS measurements. Theoretical predictions at NLO are calculated using MadGraph with
CT10NNLO, CT14NNLO and MSTW2008NNLO PDFs. The left figure shows the predictions for
the lepton from the W-boson decay with plT > 25GeV, and the right with p
l
T > 35GeV. The error
bars on the theoretical predictions show the 68% C.L..
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FIG. 4: Comparison of the theoretical predictions for normalized differential cross sections, dσ(W+
c)/σd|η|, as a function of the absolute value of the pseudorapidity of the lepton from the W-
boson decay, with the CMS measurements. Theoretical predictions at NLO are calculated using
MadGraph with CT10NNLO, CT14NNLO and MSTW2008NNLO PDFs. The left figure shows
the predictions for the lepton from the W-boson decay with plT > 25GeV, and the right with
plT > 35GeV.
8TABLE III: Theory predictions of differential cross sections dσ(pp → W + c) × B(W → lν)/d|ηl|
with PDF uncertainty at 68 % C.L., last three column for CMS 7TeV measurement with statistical
and systematic uncertainty.
pl
T
> 25GeV
|ηl| CT10NNLO CT14NNLO MRST2008NNLO CMS measurement
[0, 0.35] 65.7+6.1%
−5.7%
60.5+6.8%
−9.4%
59.2+2.3%
−2.7%
68.7± 3.9%± 6.7%
[0.35, 0.7] 62.8+6.2%
−5.6%
58.1+6.9%
−9.5%
57.0+2.3%
−2.7%
59.9± 4.2%± 6.7%
[0.7, 1.1] 56.9+6.4%
−5.5%
52.6+7.0%
−9.8%
51.6+2.2%
−2.6%
56.7± 4.2%± 6.7%
[1, 1.1.6] 46.8+7.0%
−5.7%
43.8+7.4%
−10.4%
42.9+2.2%
−2.7%
44.8± 4.2%± 7.1%
[1.6, 2.1] 33.9+8.5%
−6.2%
32.0+8.7%
−11.3%
31.5+2.4%
−2.9%
35.1± 4.8%± 6.8%
pl
T
> 35GeV
|ηl| CT10NNLO CT14NNLO MRST2008NNLO CMS measurement
[0, 0.35] 53.4+6.2%
−5.8%
49.2+6.9%
−9.5%
48.1+2.3%
−2.7%
52.3± 3.3%± 6.1%
[0.35, 0.7] 50.9+6.3%
−5.7%
46.9+6.9%
−9.7%
46.1+2.3%
−2.7%
49.2± 3.3%± 6.1%
[0.7, 1.1] 45.7+6.6%
−5.6%
42.2+7.0%
−10.0%
41.6+2.2%
−2.6%
45.5± 3.3%± 5.9%
[1, 1.1.6] 37.1+7.2%
−5.7%
34.5+7.5%
−10.6%
34.0+2.2%
−2.7%
34.2± 3.5%± 6.1%
[1.6, 2.1] 26.1+8.9%
−6.3%
24.6+9.0%
−11.4%
24.3+2.4%
−3.0%
26.6± 3.8%± 6.4%
9TABLE IV: Theory predictions of normalized differential cross sections (1/σ(W+c))dσ(W+c)/d|η|
with PDF uncertainty at 68 % C.L., last three column for CMS 7TeV measurement with statistical
and systematic uncertainty.
pl
T
> 25GeV
|ηl| CT10NNLO CT14NNLO MRST2008NNLO CMS measurement
[0, 0.35] 0.607+1.2%
−2.2%
0.602+1.4%
−1.5%
0.601+0.7%
−0.6%
0.638± 2.5%± 1.9%
[0.35, 0.7] 0.581+0.9%
−1.7%
0.578+1.1%
−1.2%
0.578+0.5%
−0.4%
0.556± 2.9%± 2.2%
[0.7, 1.1] 0.527+0.3%
−0.7%
0.524+0.4%
−0.5%
0.524+0.2%
−0.2%
0.527± 2.8%± 2.1%
[1, 1.1.6] 0.433+1.3%
−0.8%
0.436+0.8%
−0.9%
0.435+0.3%
−0.4%
0.416± 2.9%± 2.2%
[1.6, 2.1] 0.314+4.2%
−2.3%
0.318+3.0%
−2.5%
0.320+1.1%
−1.3%
0.326± 3.7%± 2.8%
pl
T
> 35GeV
|ηl| CT10NNLO CT14NNLO MRST2008NNLO CMS measurement
[0, 0.35] 0.618+1.3%
−2.3%
0.615+1.5%
−1.6%
0.611+0.7%
−0.6%
0.622± 2.1%± 1.6%
[0.35, 0.7] 0.589+1.0%
−1.8%
0.586+1.1%
−1.3%
0.585+0.6%
−0.5%
0.585± 2.4%± 1.7%
[0.7, 1.1] 0.529+0.4%
−0.7%
0.527+0.4%
−0.5%
0.528+0.3%
−0.2%
0.541± 2.2%± 1.7%
[1, 1.1.6] 0.429+1.4%
−0.8%
0.431+0.9%
−1.0%
0.432+0.4%
−0.4%
0.407± 2.5%± 2.0%
[1.6, 2.1] 0.302+4.7%
−2.5%
0.307+3.4%
−2.7%
0.309+1.3%
−1.5%
0.316± 3.2%± 2.2%
C Charged cross section ratio
We calculated total (σ(W− + c), σ(W+ + c¯)) and differential (absolute and normalized) cross
sections independently under the same conditions in subsections IIIA and IIIB. The CMS[11]
collaboration introduced the charged cross section ratio,
Rc =
σ(W+ + c¯)
σ(W− + c)
. (7)
The advantage of using ratio is that many of the theoretical and experimental uncertainties can
cancel. The comparison of the total cross section ratio and differential cross section ratio with PDF
uncertainty at 68% C.L. with CMS data are shown in Fig.5 and Fig.6, the left column corresponds
to pµT > 25 GeV and right one is for p
µ
T > 35 GeV. The total cross section ratio and differential
cross section ratio are also summarized in Table V and Table VI.
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FIG. 5: Comparison of the theory prediction of total cross section ratio σ(W++ c¯)/σ(W−+ c) for
three different PDF sets with CMS measurements.
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FIG. 6: Comparison of the theory prediction of differential cross section ratio for three different
PDF sets with CMS data.
TABLE V: Theory prediction of total cross section ratio of σ(W+ + c¯)/σ(W− + c)
σ(W+ + c¯)/σ(W− + c)
PDF sets pl
T
> 25GeV pl
T
> 35GeV
CT10NNLO 0.944 +0.3%
−0.3%
0.942 +0.4%
−0.3%
CT14NNLO 0.946 +0.4%
−0.7%
0.940 +0.4%
−0.7%
MSTW2008NNLO 0.920 +2.2%
−2.7%
0.916 +2.3%
−2.7%
CMS 0.954 ± 2.5% (stat.) ± 0.4% (syst.) 0.938 ± 2.0% (stat.) ± 0.6% (syst.)
11
TABLE VI: Theory prediction of differential cross section ratio with PDF uncertainty at 68 %
C.L., last three column for CMS 7TeV measurement with statistical and systematic uncertainty.
pl
T
> 25GeV
|ηl| CT10NNLO CT14NNLO MRST2008NNLO CMS measurement
[0, 0.35] 0.966+0.2%
−0.2%
0.977+0.2%
−0.4%
0.958+1.2%
−2.8%
1.013± 5.1%± 0.5%
[0.35, 0.7] 0.968+0.2%
−0.2%
0.962+0.2%
−0.4%
0.953+1.4%
−2.7%
0.960± 5.5%± 0.5%
[0.7, 1.1] 0.959+0.3%
−0.3%
0.947+0.3%
−0.6%
0.928+1.9%
−2.6%
0.897± 5.7%± 0.9%
[1, 1.1.6] 0.935+0.5%
−0.4%
0.935+0.5%
−0.9%
0.898+2.8%
−3.1%
1.062± 5.7%± 1.3%
[1.6, 2.1] 0.881+1.0%
−0.8%
0.898+1.0%
−1.5%
0.852+4.1%
−4.6%
0.776± 7.5%± 2.1%
pl
T
> 35GeV
|ηl| CT10NNLO CT14NNLO MRST2008NNLO CMS measurement
[0, 0.35] 0.966+0.2%
−0.2%
0.970+0.2%
−0.4%
0.955+1.2%
−2.9%
0.993± 4.1%± 0.7%
[0.35, 0.7] 0.968+0.2%
−0.2%
0.957+0.3%
−0.5%
0.949+1.4%
−2.7%
0.977± 4.0%± 0.7%
[0.7, 1.1] 0.953+0.3%
−0.3%
0.947+0.3%
−0.6%
0.931+2.0%
−2.6%
0.927± 4.3%± 0.9%
[1, 1.1.6] 0.931+0.5%
−0.5%
0.930+0.6%
−1.0%
0.892+3.0%
−3.3%
0.948± 4.9%± 1.1%
[1.6, 2.1] 0.877+1.1%
−0.8%
0.882+1.2%
−1.7%
0.836+4.5%
−5.0%
0.784± 6.4%± 1.4%
D Correlation between the CT14NNLO and predictions for W+charm data
One way to determent the sensitivity of a specific data point to some PDF fi(x,Q) at a given
x and Q is to compute a correlation cosine between the theoretical prediction for this point and
fi(x,Q) [21–23]. Therefore we will study the correlations between CT14NNLO PDF’s flavors at
specific x and each data point of CMS 7TeV W+charm production with transverse momentum
of the charged lepton from W boson decay at plT > 35 GeV region. The specific x range that
is probed by CMS W+charm data can be identified by plotting correlation cosine between the
CT14NNLO PDFs and the W+charm data. Fig.7 shows the correlation cosine between each
data point and CT14NNLO PDFs at Q = 1.3 GeV and Q = 100 GeV. Note that CMS 7TeV
W+charm data contains 17 data points, and thus there are 17 lines for certain flavors in Fig.7.
Correlations of s(x,Q) PDF and g(x,Q) PDFs with each data point are given at the first row in
Fig.7. Correlations of u(x,Q) PDF and u¯(x,Q) PDF with each data point are given at the second
row in Fig.7. Correlation of d(x,Q) PDF and d¯(x,Q) PDF with each data point are given at the
third row in Fig.7. In each figure, correlation between a PDF with each data point is distinguished
by different types of line. Solid line, long-dash-dotted line, dotted line, short-dash line and short-
dash-dotted lines correspond to correlation of differential cross section, differential cross section
ratio, normalized differential cross section, total cross section and total cross section ratio data.
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And we can distinguish the rapidity bin by width of line, bolder line corresponds to higher rapidity
bin of charged lepton.
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FIG. 7: Correlation cosφ between CT14NNO PDFs at the specific x value on the horizontal axis
and CT14NNLO predictions at NLO for CMS 7 TeV W+charm production at Q = 1.3 GeV(left
panel) and Q = 100 GeV(right panel).
In the case of both total cross section, differential cross section and ratio, s(x,Q) PDF corre-
lation are most significant for x > 0.4. But the normalized differential cross section that includes
5 data points is partially correlated with s(x,Q) PDFs, that are represented in Fig.7 with 5 red-
dashed lines which inconsistent with other types of red lines. The correlations of the d(anti) quark
and u(anti) PDFs are negative and smaller for x > 0.4 region, while gluon’s correlation is very
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small, which can be seen clearly with symbolic colored-line in the Fig.7. One can conclude that
CMS 7TeV W+charm data have larger impact on s(x, Q) PDF in CT14NNLO.
IV Using ePump to study the impact of the W+charm data on CT14NNLO PDFs
Ref.[18] presented a software package, EPUMP (Error PDF Updating Method Package), that
can be used to update or optimize a set of PDFs, including the best-fit PDF set and error PDFs,
and to update any other set of observables. Furthermore Ref. [19] and Ref.[20] carried out some
interesting further studies using ePump. In this section, we use ePump to analyze the impact of
CMS 7TeVW+charm production measurements on the CT14NNLO PDFs. To update CT14NNLO
PDFs, we use the CMS 7TeV total cross section(1 data point), differential cross section(5 data
points), total cross section ratio(1 data point) and differential cross section ratio(5 data points),
combined data sets, and the NLO QCD predictions from MadGraph as ePump inputs. Note
that CT14NNLO+sig, CT14NNLO+dsig, CT14NNLO+R, CT14NNLO+dR and CT14NNLO+Wc
in Figs.8-10 are the ePump updated PDFs by total cross section data, differential cross section
data, total cross section ratio data, differential cross section ratio data and combined CMS 7TeV
W+charm data. The weight factor for each data is 3 in our ePump studies. A weight larger
than 1 is equivalent to having more data points with the same experimental uncertainties or,
alternatively, to reducing the experiment uncertainties by a factor of the square root of the weight.
In the combined data we excluded the normalized differential cross section data in order to avoid
double counting. After updating, the relative changes in CT14NNLO ensembles are best visualized
by comparing their PDF error band and PDF ratio, in which ratio plot is obtained in a way that
error set and best fit of updated PDFs divided by best fit of original CT14NNLO PDFs. The
impact of each W + c data and combined data on CT14NNLO PDFs are shown in Figs.8-10 at
Q = 1.3 GeV(left column) and Q = 100 GeV(right column) with 90% C.L..
Fig.8 shows the comparison of the g(x,Q) and s(x,Q) PDFs uncertainties using original
CT14NNLO PDFs (light blue) and ePump updated PDFs for 7TeV W + c data. The change in
g(x,Q) PDF is mostly come from the differential cross section data, and the error band of g(x,Q)
PDF is slightly reduced at 10−2 < x < 10−1 for Q = 1.3GeV, and the magnitude of best fit g(x,Q)
PDF is enlarged slightly at this region. But magnitude of best fit g(x,Q) PDF and error band are
decreased at 10−3 < x < 10−2 for Q = 1.3GeV. For Q = 100GeV, the change in g(x,Q) PDF is not
visible relative to low Q = 1.3GeV. The s(x,Q) PDF is most sensitive to CMS 7TeV W+charm
data, the change in the s(x,Q) PDF is visualized in the second row of Fig.8. Total and differential
cross section data are responsible for most of the change in s(x,Q). After updating the PDF by
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combined data, error band of s(x,Q) PDF is considerably reduced at x < 0.4 and magnitude of
best fit PDF is enlarged a little bit at this region for both Q = 1.3GeV and Q = 100GeV.
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FIG. 8: Comparison of 90% C.L. g(x,Q) PDF(first row) and s(x,Q) PDF(second row) uncertain-
ties from CT14NNLO and CT14NNLO+sig, CT14NNLO+dsig, CT14NNLO+R, CT14NNLO+dR,
CT14NNLO+Wc. Shaded area stands for error bands of CT14NNLO PDFs. The area between
solid line stands for error bands of the epump updated PDFs, which are distinguished by different
colors, and dotted line stands for best fit PDFs.
The LO contributions of s, s¯, d, d¯ quarks to W+charm production cross section are shown
in Table II. The d and d¯ quarks contributions are significantly small relative to s and s¯ quarks
contributions, because dg → W− + c and d¯g →W+ + c¯ processes are suppressed by CKM matrix
element. But we can not neglect d and d¯ quark contributions to W+charm cross section, d quark
contribution is about 11 % of the W− + c productions cross section and d¯ quark contribution is
about 6 % of the W−+c productions cross section. From this fact, CMS 7TeV W+charm data can
have impact on both d(x,Q) and d¯(x,Q) PDFs. Fig. 9 shows the changes of the d(x,Q) and d¯(x,Q)
PDFs in CT14NNLO for both Q = 1.3 GeV and Q = 100 GeV. Most of the changes in d(x,Q)
and d¯(x,Q) PDFs come from total and differential cross section data of CMS 7TeV W+charm
production. After updating the CT14NNLO PDFs by combined data, error band of d(x,Q) PDF
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is slightly reduced at about 10−2 < x < 10−1 and 10−6 < x < 10−3 for both Q = 1.3GeV
and Q = 100GeV. Magnitude of best fit d(x,Q) PDF is decreased a little bit at this region. At
10−2 < x < 10−1 region, error band of d¯(x,Q) PDF slightly reduced and magnitude of it’s best fit
PDF decreased for both Q = 1.3GeV and Q = 100GeV.
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FIG. 9: Comparison of 90% C.L. d(x,Q) PDF(first row) and d¯(x,Q) PDF(second row) uncertain-
ties from CT14NNLO and CT14NNLO+sig, CT14NNLO+dsig, CT14NNLO+R, CT14NNLO+dR,
CT14NNLO+Wc. Shaded area stands for error bands of CT14NNLO PDFs. The area between
solid line stands for error bands of the epump updated PDFs, which are distinguished by different
colors, and dotted line stands for best fit PDFs.
At LO, u quark does not contribute to W+charm production cross section, but it does beyond
the LO. In our ePump study, we use the the theory prediction of W+charm production cross
section at NLO QCD. Therefore, in Fig. 10 we compare the ePump updated PDFs via CMS 7TeV
W+charm data and CT14NNLO PDFs in order to see the impact on u(x,Q) and u¯(x,Q) PDFs
in CT14NNLO for both Q = 1.3 GeV and Q = 100 GeV. The total and differential cross section
data of CMS 7TeV W+charm production has larger impact on u(x,Q) and u¯(x,Q) PDFs. After
updating the CT14NNLO PDFs by combined data, error band of u(x,Q) PDF is slightly reduced
at about 10−6 < x < 10−1 for both Q = 1.3GeV and Q = 100GeV. Magnitude of best fit u(x,Q)
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PDF is decreased a little bit at this region. At 10−6 < x < 0.4 region, error band of u¯(x,Q)
PDF is slightly reduced and magnitude of it’s best fit PDF decreased for both Q = 1.3GeV and
Q = 100GeV.
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FIG. 10: Comparison of 90% C.L. u(x,Q) PDF(first row) and u¯(x,Q) PDF(second row) uncertain-
ties from CT14NNLO and CT14NNLO+sig, CT14NNLO+dsig, CT14NNLO+R, CT14NNLO+dR,
CT14NNLO+Wc. Shaded area stands for error bands of CT14NNLO PDFs. The area between
solid line stands for error bands of the epump updated PDFs, which are distinguished by different
colors, and dotted line stands for best fit PDFs.
As we discussed above, the CMS 7TeV W+charm data sets have large impact on s(x,Q) PDF.
In Fig. 11, we compared the s(x,Q) PDF from CT14NNLO, and ePump updated s(x,Q) PDF
from combined CMS 7TeV W+charm data with weight 3 and 10. We see that reduction of s(x,Q)
PDFs error band is more apparent when we increase the weight factor from 3 to 10. And CMS
7TeV W+charm data prefer large value of s(x,Q) PDF at x < 0.4 for both Q = 1.3 GeV and
Q = 100 GeV.
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FIG. 11: Comparison of 90% C.L. s(x,Q) PDF uncertainties at Q = 1.3 GeV and Q = 100
GeV from CT14NNLO and CT14NNLO+Wc3 and CT14NNLO+Wc10 that are corresponding to
s(x,Q) PDF updated by combined CMS 7TeV W+charm data with weight factor 3 and 10.
V Conclusions
In this paper we calculated total and differential cross sections and cross section ratios using
the MadGraph up to O(α2s) with a massive charm quark mc = 1.55 GeV for three NNLO PDF sets:
MSTW2008, CT10, and CT14NNLO, and then we compare with the experimental measurements
of W+charm production at
√
s = 7 TeV at LHC. In our calculation we use the same kinematic
cuts as the experimental measurements: pjetT > 25 GeV, |ηjet| < 2.5, and |ηl| < 2.1 GeV, and two
different transverse momentum cuts plT > 25GeV for theW → µν channel and plT > 35 GeV for the
W → µν and W → eν channels. In our calculation, both the factorization and the renormalization
scales are set to the value of the W-boson mass, the value of αs(MZ) is set to the central value
given by the respective PDF groups. Our Results are summarized in Tables I - VI and in Figures
2 - 6. where the central value of the prediction and the PDF uncertainty are given. One may see
that the theory predictions from various PDFs agree well with the experimental measurements.
However, there are some differences depending on the PDFs used in the calculations. For example,
unlike the assumption in MSTW20018 NNLO PDFs, the CT10 and CT14 assume s = s¯ in the
proton, yielding to a total and differential cross sections ratio dominated by the d− d¯ asymmetry.
The total and differential cross sections are larger for W−+ c production than for W++ c, because
the former process involves a d whereas the latter involves a d¯ (sea) antiquark. And such the both
total and differential cross sections ratio are smaller than 1.0.
From Fig. 7, we can see that observable from the CMS 7TeV W+charm production have
strong correlation with strange(anti) quark PDFs, therefore these measurements also provide the
direct constraint on the strange(anti) quark content of the proton.
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Furthermore, by using ePump updating method, and CMS 7TeV W+charm production data
at lepton transverse momentum plT > 35 GeV, we find that those data sets mainly reduce the
s(x,Q) PDF error band and increase magnitude of it’s best fit at x < 0.4 region for both Q = 1.3
GeV and Q = 100 GeV.
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